Blastocyst implantation is a critical stage in the establishment of pregnancy. Leukemia inhibitory factor (LIF) is essential for mouse blastocyst implantation and also plays a role in human pregnancy. We examined the effect of a potent LIF antagonist (LA) on mouse implantation. In mice, LIF expression peaks on day 3.5 of pregnancy (D3.5) (D0.5 ‫؍‬ day of mating plug detection) in the uterine glandular epithelium. LA (7 mg/kg per day) administered from D2.5 to D4.5 via four hourly i.p. injections plus continuous administration via miniosmotic pump resulted in complete implantation failure. To improve its pharmacokinetic properties, we conjugated LA to polyethylene glycol (PEG), achieving a significant increase in serum levels. PEGylated LA (PEGLA) (37.5 mg/kg per day) administered via three i.p. injections between D2.5 and D3.5 also resulted in complete implantation failure. PEGLA immunolocalized to the uterine luminal epithelium at the time of blastocyst implantation. Both LA and PEGLA reduced phosphorylation of the downstream signaling molecule STAT3 in luminal epithelial cells on D3.5. The effects of PEGLA were found to be endometrial, with no embryolethal effects observed. These data demonstrate that administration of a PEGylated LIF antagonist is an effective method of targeting LIF signaling in the endometrium and a promising novel approach in the development of nonhormonal contraceptives for women.
lastocyst implantation into the endometrium is a critical step in the establishment of pregnancy. Synchronized endometrial receptivity and blastocyst competence are achieved via a network of endocrine, paracrine, and autocrine factors, including cytokines (1) . However, the molecular mechanisms are still incompletely understood, hampering efforts to develop targeted, nonhormonal methods of contraception, for which there is a recognized worldwide need (2) .
Leukemia inhibitory factor (LIF) is one of few molecules known to be indispensable for mouse blastocyst implantation (3) . Gene-targeting experiments have shown that LIF-deficient female mice are infertile (4) . LIF is a multifunctional glycoprotein that can be induced in most mouse and human tissues (5) . In mice, LIF mRNA and protein expression are maximal in the uterine endometrial glands on day 3.5 of pregnancy (D3.5). LIF is secreted into the uterine lumen coincident with blastocyst formation and preceding implantation (6) (7) (8) . Female LIF-null mice (LIF Ϫ/Ϫ ) have normal blastocysts that attach to the uterine luminal epithelium but do not implant (4, 8) . Implantation can be rescued by transferring LIF Ϫ/Ϫ blastocysts to a wild-type female (4) or by injecting LIF Ϫ/Ϫ females with recombinant LIF on D3.5 or D4.5 (8) . Maternal LIF signaling is therefore essential for mouse blastocyst implantation.
LIF belongs to the IL-6 family of cytokines, which includes IL-11, and signals via a cell surface receptor complex composed of the LIF receptor ␣-chain (LIFR) and the signal-transducing subunit gp130, activating the JAK/STAT pathway (9) . Upon activation, STAT proteins are tyrosine-phosphorylated, homodimerize, and translocate to the nucleus to modulate the expression of target genes. Both LIFR and gp130 are highly expressed on D3.5 in the uterine luminal epithelium, coincident with the onset of uterine receptivity (7, 10) . At this time, LIF specifically activates STAT3 in the luminal epithelium, resulting in the translocation of tyrosine-phosphorylated STAT3 (P-STAT3) to the nuclei (11) . STAT3 activation has an important role in mouse implantation. Deleting the region of gp130 responsible for STAT activation (gp130 ⌬STAT mice) results in complete implantation failure (12) . Female mice heterozygous for the LIFR are fertile; however, LIFR Ϫ/Ϫ offspring show placental defects, are underrepresented during gestation, and do not survive to 4 weeks of age (13) .
The importance of LIF in human pregnancy is suggested by its endometrial expression pattern, which mimics that in mice. LIF mRNA is present in human endometrium at higher levels during the secretory vs. proliferative phase of the menstrual cycle and is also detected in first-trimester decidua (14) . LIF protein is maximal in the endometrial glands during the secretory phase, when blastocyst implantation is most likely to occur (15, 16) , and uterine fluid contains maximal levels of LIF protein during the mid to late secretory phase (17) . LIFR and gp130 are expressed in the luminal epithelium at this time, indicating a role for LIF signaling in preparing the human uterus for blastocyst attachment (15) . In addition, decreased endometrial LIF production may be a factor in some cases of human infertility (17) (18) (19) . An effective LIF antagonist could therefore prevent blastocyst implantation in women. As a first step in examining this, we explored the effect of targeting maternal LIF on mouse blastocyst implantation in vivo.
A highly potent LIF antagonist, MH35-BD/Q29AϩG124R (hereafter referred to as LA), was previously produced by mutating human LIF at regions that bind human LIFR and gp130 (20) . Relative to wild-type human LIF, LA has a Ͼ1,000-fold higher affinity for binding to LIFR but does not bind gp130 as required for productive signaling. LA is species cross-reactive and is also a potent antagonist of murine LIFR-induced bioactivity (20) . However, the pharmacokinetics of LA would be expected to be similar to that of iodinated LIF, which has a very short initial half-life in vivo (21) . We therefore aimed to conjugate LA to PEG, a strategy previously used to extend the serum half-life of cytokines (22) . We compared the effect of PEGylated LA (PEGLA) and non-PEGylated LA on blastocyst implantation in vivo.
Results
Continuous Administration of LA Completely Blocks Blastocyst Implantation. LA or PBS was administered to mated mice to span the time of maximal endometrial LIF expression during the periimplantation period. LA (7 mg/kg per day), or PBS was administered from 2100 hours on D2.5 to 2100 hours on D4.5 via one of four methods: (i) four hourly i.p. injections, (ii) four hourly s.c. injections, (iii) continuous administration via Alzet miniosmotic pump within the peritoneal cavity, or (iv) miniosmotic pump plus four hourly i.p. injections. Numbers of implantation sites and corpora lutea (CL) were counted on D6.5. Whereas administration regimens i-iii had no effect on implantation rates (Fig. 1 A-C) , continuous administration of LA by miniosmotic pump plus four hourly i.p. injections completely blocked blastocyst implantation (Table 1 and Fig. 1 D and E) .
Administration of LA Reduces STAT3 Phosphorylation in the Uterine
Luminal Epithelium. LIF phosphorylates STAT3 in the luminal epithelium at the time of maximal uterine LIF expression during early pregnancy in mice (11) . To determine the effect of LA on STAT3 phosphorylation at the time of implantation, LA (1 mg/kg) or PBS was injected directly into the uterine lumen at 0900 hours on D3.5, and the uterus was examined at time points up to 6 h later. Immunostaining for P-STAT3 was absent in the LA-treated uterus 2 h after administration, whereas P-STAT3 localized to luminal epithelial nuclei in the PBS-treated uterus (Fig. 1 F and G) . These data demonstrated that LA was biologically active, targeted the uterine luminal epithelium, and blocked LIF action in the mouse uterus.
Preparation of the PEGylated LIF Antagonist PEGLA. Blastocyst implantation was blocked by continuous administration of LA by miniosmotic pump and i.p. injections; however, this regimen would not be suitable for contraceptive purposes. To increase its serum stability, and thereby reduce the frequency of administration required to block implantation, LA was conjugated to PEG. SDS/PAGE analysis of purified PEGLA showed a broad band migrating with an apparent molecular weight of 100,000-120,000 ( Fig. 2A) , suggesting that two PEG molecules were attached to each molecule of LA. Preliminary analysis of PE-GLA by MALDI-TOF mass spectrometry yielded a broad peak with an average molecular weight of Ϸ62,000 (data not shown), suggesting that LA was mono-PEGylated. It has been reported previously that, because of the large hydrodynamic volume of PEG, estimates of the molecular weight of PEGylated proteins by SDS/PAGE are significantly higher than those determined by mass spectrometry (23) . PEGLA was capable of specifically inhibiting LIF-induced Ba/F3 cell proliferation but showed a 10-to 20-fold reduction in potency compared with the unmodified LA (Fig. 2B ). We did not anticipate this to be a problem because LA is a superpotent LIF antagonist with an IC 50 of 0.38-0.44 nM compared with 5.5-6.8 nM PEGLA when recombinant human LIF (hLIF) is added at a subsaturating concentration of 12 pM in the in vitro bioassay.
PEGLA Blocks Blastocyst Implantation. Mated mice were administered PEGLA or control PEGylation reagent (hydrolyzed mPEG2-NHS) by i.p. injection at 1200 hours and 2200 hours on D2.5 and 1000 hours on D3.5, and their uteri were harvested on D6.5. Numbers of implantation sites and CL were counted ( Table 2) . Implantation was completely blocked in PEGLAtreated mice, which had no visible implantation sites, whereas control-treated mice had the expected numbers of implantation sites (Table 2 and Fig. 3 A and B) . There was no difference between groups in the numbers of CL, indicating normal ovulation (Table 2) . Histologically, the uteri from the antagonisttreated mice appeared nonpregnant and intact ( ogy (Fig. 3D) . No side effects were observed in the animals after either treatment. Additionally, i.p. injections of PEGLA into mated mice at 1200 hours and 2200 hours on D1.5 and 1000 hours on D2.5 (24 h earlier than the previous experiment) had no effect on implantation (data not shown).
PEGLA Localizes to the Uterine Luminal Epithelium and Stroma. To assess whether PEGLA was able to reach the required site of action in the uterus (the uterine luminal epithelium), PEGLA or mPEG2-NHS was administered i.p. to mated mice at the same dose that blocked blastocyst implantation. Uteri were collected for PEG immunohistochemistry on D3.5. PEG was detected in the uteri of all antagonist-treated and control-treated mice, with staining primarily localized to the basal surface of luminal epithelial cells and in the cytoplasm of stromal cells (Fig. 3 F and G) .
PEGLA Reduces STAT3 Phosphorylation in the Uterine Luminal Epithelium at the Time of Implantation. PEGLA or mPEG2-NHS was administered i.p. to mated mice at the same dose and frequency that blocked blastocyst implantation. Uteri were collected on D3.5 for isolation of the luminal epithelium and Western blot analysis. PEGLA treatment caused a consistent and significant reduction in the ratio of P-STAT3 protein to total STAT3 protein in the luminal epithelium compared with control ( Fig. 4 A-C). Uterine horns collected at the same time as those used for Western blot were also used for P-STAT3 immunostaining. P-STAT3 immunostaining intensity in the luminal epithelium was reduced in PEGLA-treated mice compared with control ( Fig. 4 D and E) .
PEGLA Is Not Lethal to Preimplantation Embryos. Mice were treated with PEGLA or mPEG2-NHS at the same time and dose used to block implantation, and uteri were flushed at D3.5. The numbers of morulae and blastocysts retrieved were similar between PEGLA-treated and control-treated animals, and there was no difference in the percentage achieving attachment and outgrowth after 72 h of ex vivo culture (Table 3 ). In addition, the morphology of the morulae and blastocysts at the time of collection did not differ between treatment groups (Fig. 5) .
Serum Concentration of LA and PEGLA. The serum concentration of LA and PEGLA was determined after i.p. injection into nonpregnant mice. Serum concentration of PEGLA peaked at 2 h after injection and was 1.9-fold greater than the peak serum concentration of LA (Fig. 6) . The area under the curve for PEGLA was 1.8-fold greater than that of LA. There was no detectable LA, PEGLA, or LIF in serum from untreated mice, or mice injected with the controls, at any of the time points tested (data not shown).
Discussion
Previous studies have attempted to block LIF signaling in the uterus for contraceptive purposes with limited success. Anti-LIF polyclonal antibodies administered directly into the uterus interfere with blastocyst implantation in the rhesus monkey (24) and in the mouse (25) , but neither method completely prevents implantation. Intrauterine injection of a cell-permeable STAT3 peptide inhibitor (26) or a STAT3 decoy oligodeoxynucleotide (27) achieved Ϸ70% reduction in implantation rates. In contrast, both forms of our highly potent LIF antagonist were 100% effective in blocking implantation and were effective via the systemic i.p. route-a critical step in the development of targeted anti-LIF methods of contraception (28) . In mice, exogenous LIF has an initial half-life of 6-8 min, followed by a more prolonged clearance phase, and shows preferential uptake by organs other than the uterus (21), indicating that targeting the uterus using LA would be difficult to achieve. Indeed, our initial studies showed that, although LA was highly effective in blocking implantation, it required frequent i.p. injections together with continuous administration via miniosmotic pump. The frequency of administration of LA and PE-GLA required to block implantation was also likely increased by the presence of circulating soluble LIFR. Soluble LIFR is present at high levels in mouse serum and is elevated during pregnancy (29) , which would reduce the efficacy of LIF antagonists that target the receptor. Importantly, although circulating soluble LIFR is present in mice, it has not been detected in women, indicating that LIFR-directed antagonists are likely to have even greater potency in women.
One of the greatest challenges in designing therapeutic agents is to deliver the active compound to the required site of action and extend its serum stability. One option to prolong the biological activity of LA was to PEGylate the molecule (29) . PEGylation increases molecular size, reduces renal ultrafiltration, decreases uptake by the liver, and protects the PEGylated molecule from proteolytic cleavage (30) (31) (32) . Although PEGyla- Mice were superovulated and mated, and PEGLA or control (mPEG2-NHS) was administered by i.p. injection (12.5 mg/kg) at 1200 hours and 2200 hours on D2.5 and 1000 hours on D3.5. Uteri were flushed, and embryos were collected on D3.5 and scored after 72 h of ex vivo culture. tion may lower in vivo intrinsic activity, this can be more than compensated for by increased serum stability (33, 34) . PEGylated cytokines such as interferons have extended serum halflives and enhanced clinical efficacy compared with nonPEGylated interferons and are well tolerated in humans (22, 35) .
PEGLA was produced and injected i.p. into mice and was detectable in serum for up to 5 days-a significantly extended serum stability compared with that previously shown for exogenous LIF in mice (21) and compared with that of the nonPEGylated LA. PEGLA was biologically active, with enhanced efficacy requiring lower dosing and frequency of injection to prevent implantation compared with LA. Both forms of antagonist reduced LIF action in the uterus in vivo. It is likely that the i.p. injection of both LA and PEGLA acted on the uterus because P-STAT3 was reduced in the uterine luminal epithelium. The timing of PEGLA injection was also critical. Injection of antagonist too early did not abolish implantation, indicating that the antagonist was acting on the uterus at the time LIF is maximally expressed.
A direct effect of PEGLA on the preimplantation embryo is unlikely because we demonstrated no differences between treated and control animals in embryo numbers, morphology, or in vitro viability at the time of implantation. LIFR is present in the preimplantation embryo, but LIFR-null embryos can survive until the perinatal period, suggesting that LIF is not critical for embryo development in mice (13) . The data imply that the abolishment of implantation was due to a direct effect on uterine receptivity.
PEGLA shows great potential as a novel contraceptive agent for women. If endometrial LIF is essential for blastocyst implantation in women, as it is in mice, PEGLA could be used on an as-needed basis to prevent implantation. If PEGLA remains in the human circulation for a similar length of time as it does in the mouse, this would be sufficient to cover the implantation window. It remains to test PEGLA in a primate model and then to fully assess its safety, reliability, and reversibility in women. Preparation of the LIF Antagonist LA. To produce LIF antagonist MH35-BD/Q29AϩG124R, the mutant cDNA was subcloned into a modified pGEX-2T vector (GE Healthcare) as a GST fusion protein (20) . The GST fusion protein was expressed in BL21 (DE3) Escherichia coli, purified, and cleaved from the fusion partner essentially as described previously (36) .
Materials and Methods
Treatment to Block Blastocyst Implantation Using LA. Female mice (n ϭ 4-5 per group) were paired with males and checked the following morning for the presence of a vaginal plug (D0.5 ϭ day of mating plug detection). LA or PBS (7 mg/kg per day) was administered from 2100 hours on D2.5 to 2100 hours on D4.5 via one of the following regimens: (i) four hourly i.p. injections, (ii) four hourly s.c. injections, (iii) Alzet miniosmotic pump (Alza) placed into the peritoneal cavity under ketamine/xylazine anesthesia, or (iv) miniosmotic pump plus i.p. injections as in i. Mice were killed on D6.5, and the numbers of implantation sites and CL were recorded. Data were analyzed with Prism 4.0 (GraphPad). Because the numbers of CL were not normally distributed, the nonparametric Mann-Whitney test was used to compare treated and control means. Where the implantation site values for the treated group were 0, a one-sample t test was applied to the control data (theoretical mean ϭ 0).
Preparation of the PEGylated LIF Antagonist PEGLA. Purified LA protein (in 100 mM sodium phosphate buffer, pH 7.0/0.4 M NaCl) was PEGylated with 40-kDa PEG-NHS (mPEG2-NHS 40 kDa; Nektar Advanced PEGylation) at a protein:reagent molar ratio of 1:3 for 12 h at room temperature. PEGLA was purified by cation-exchange chromatography on a 1-ml HiTrap SP Sepharose column (GE Healthcare), followed by RP-HPLC on a 100-mm ϫ 7.5-mm i.d. Vydac C4 column with a 60-min linear gradient of 0-60% acetonitrile in 0.1% (vol/vol) trifluoroacetic acid. The fractions from RP-HPLC were lyophilized and reconstituted in Milli-Q water. Samples were analyzed by SDS/PAGE using a Novex precast Tris-glycine gel of 4-20% polyacrylamide (Invitrogen) under reducing conditions. After electrophoresis, the gel was stained with 0.1% Coomassie brilliant blue R-250 in 50% methanol and 10% acetic acid and destained in 12% methanol and 7% acetic acid. Control PEGylation reagent was generated by incubating mPEG2-NHS in Milli-Q water for at least 24 h.
Testing the Bioactivity of PEGLA. Purified LA and PEGLA were tested for their ability to inhibit the action of hLIF in a cell proliferation assay using a Ba/F3 cell line engineered to express hLIFR and gp130. Cells were grown in DME with 10% bovine calf serum, 10% (vol/vol) conditioned medium from WEHI-3B D Ϫ as a source of IL-3, 0.8 mg/ml G418, and 20 g/ml puromycin before assay. Recombinant hLIF was added at a subsaturating concentration (Ϸ12 pM) with various concentrations of either purified LA or PEGLA. After 3 days of incubation, viable cells were counted. A dose-response curve was generated to quantitate the efficacy of the antagonists in inhibiting the activity of wild-type hLIF. As a control for nonspecific inhibition, the antagonists were also tested on the same Ba/F3 cell line stimulated with IL-3 to ascertain that any inhibition was specific for LIF-induced proliferation.
Treatment to Block Blastocyst Implantation Using PEGLA. Female mice (n ϭ 4-5 per group) were paired with males as above. At 1200 hours and 2200 hours on D2.5 and 1000 hours on D3.5, mice were injected i.p. with 12.5 mg/kg (25 l) PEGLA or mPEG2-NHS. Mice were killed on D6.5, the numbers of implantation sites and CL recorded, and data were analyzed as above.
Immunostaining. Five-micrometer sections of formalin-fixed, paraffin-embedded uterus (n ϭ 5 mice per group) were cut onto SuperFrost slides, dewaxed, and rehydrated. Antigen retrieval was performed by microwaving in 10 mM sodium citrate (pH 6.0) for 5 min at 200 W. For PEG immunostaining, endogenous peroxidase activity was quenched with 6% H 2 O 2 (30 min, 25°C), and nonspecific binding was blocked with 10% normal goat serum in TBS (1 h, 25°C). For P-STAT3 immunostaining, 3% H 2 O 2 (10 min, 25°C) and 10% normal swine serum/2% normal mouse serum in TBS (nonimmune block) were used. Primary antibodies were mouse anti-PEG monoclonal IgG 1 [E11 (37); a gift from Steve Roffler (Institute of Biomedical Sciences, Academia Sinica, Taiwan); 5 g/ml in 1% BSA/TBS] or rabbit anti-mouse P-STAT3 [Tyr-705 (Cell Signaling Technology); 90 ng/ml in nonimmune block]. Negative controls were matching concentrations of mouse IgG 1 (Dako) or rabbit IgG 1 (Sigma). Primary antibody or negative control was applied (16-18 h at 4°C), and sections were washed in TBS/0.1% Tween 20 (TBST). The secondary reagent for PEG immunostaining was the Envisionϩ System-HRP Labeled Polymer (Dako; 30 min, 25°C), and, for P-STAT3, StreptABComplex-HRP (Dako; 1:200 in nonimmune block; 30 min, 25°C). After washes in TBST and TBS, positive immunostaining was visualized by using DAB (Dako),
